Background: Diffusion-weighted magnetic resonance imaging (DW-MRI) provides information on the cellularity and movement of water molecules in tissues and 18F-fluorodeoxyglucose (18F-FDG) positron emission tomography/ computed tomography (18F-FDG PET/CT) assesses cellular glucose metabolism, however both variables are related to tumour aggressiveness. The aim of this study is to investigate the potential correlation of the apparent diffusion coefficient (ADC) assessed by diffusion-weighted MRI (DWI) and glucose metabolism determined by the standardized uptake value (SUV) calculated from
Background
Lung cancer is the leading cause of cancer deaths globally, and accounts for more deaths annually than breast, prostate and colon cancer combined [1] . Tumors that are not diagnosed in the early (pre-invasive) stage may infiltrate adjacent structures and metastasize to regional lymph nodes or distant organs. Metastatic events have an important effect on disease progression and mortality.
Diagnostic imaging methods such as computed tomography (CT), positron emission tomography/computed tomography (PET/CT), magnetic resonance imaging (MRI) and bone scintigraphy are routinely performed for detection and staging of primary lung cancer. In the last decade, 18F-fluorodeoxyglucose (18F-FDG) whole body PET/CT examination has been established as the multiparametric imaging method of choice in patients with lung cancer because it allows the investigator to obtain information on tumour morphology, extent and glucose metabolism by calculating the standard uptake value (SUV) [2, 3] . The higher the SUV value, the higher the glycolytic metabolism in the lesion. A strong correlation was observed between the SUV and the clinical course of lung cancer and a poorer therapeutic response if there was no early decrease in SUV after initiation of treatment [4] . Therefore, the SUV is currently considered as an important prognostic factor for lung cancer [5] .
High resolution MRI scans can be performed to reliably detect malignant lung lesions and to obtain morphological information about the tumour in the absence of ionizing radiation, an advantage over the CT and PET-CT [6] . Recently, diffusion-weighted magnetic resonance imaging (DW-MRI) has been successfully applied to evaluation of the thorax and has demonstrated great potential in the detection and interpretation of solid lung lesions [7] . In malignant tumours, increased cell density restricts the diffusion of water molecules into the interstitial space, resulting in lower apparent diffusion coefficient (ADC) values. Therefore, diffusion in lung cancer reveals information on cellularity and tumour aggressiveness [7, 8] .
The individualization of patient care to optimize therapeutic responses and minimize toxicities is one of the main goals of modern oncology and requires the development of accurate and quantifiable noninvasive markers for prognostic evaluation and early response to treatment [9] . Although DW-MRI provides information on the cellularity and movement of water molecules in tissues and 18F-FDG PET/CT assesses cellular glucose metabolism, both variables are related to tumour aggressiveness. Thus, the aim of this study was to assess the correlation between ADC values in DW-MRI and SUV values in 18F-FDG PET/CT in patients with non-small cell lung cancer (NSCLC).
Methods
This prospective, unicentric, non-randomized study was conducted based on the collection of data from all adult patients with histologically confirmed NSCLC who were referred for 18F-FDG PET/CT examination for staging at a cancer centre from January 2014 to June 2015. The study was approved by the institution's Research Ethics Committee prior to the beginning of data collection. Patients with histological diagnosis of NSCLC (histological subtypes: squamous cell carcinoma and adenocarcinoma), with pre-therapeutic staging according to the routine of the institution, considering all stages and absence of previous antineoplastic treatment, were included in the study. Patients with contraindications for MRI or who did not sign the consent form were excluded.
Routinely performed imaging tests for NSCLC patients at the institution include 18F-FDG PET/CT and brain MRI. For the present study, when the patient was subjected to brain MRI, thoracic diffusion-weighted sequences were added for evaluation of the primary lung lesion and metastatic mediastinal lymph nodes. Information such as histological type and degree of differentiation were evaluated from the histopathological analysis performed after the initial diagnostic biopsy or after surgical resection of the lesion, when indicated.
The 18F-FDG PET/CT examinations were performed according to the protocol established at the institution using GEMINI Philips PET/CT equipment. All patients underwent 6 h of fasting and received a standard intravenous injection dose of 560 MBq of 18F-FDG. The capillary glycemia was verified before venous injection of 18F-FDG and should have a value lower than 200 mg/ dl. The images were obtained 1 h after the injection of the radiopharmaceutical using a high-sensitivity, twodimensional mode with axial cuts of 10 mm and a matrix of 256 × 256. Later, the images were reconstructed using a 128 × 128 matrix and a filter of 7.0 mm. Eventually, fine adjustments guided by the tomographic examination were necessary to correct the PET images in the analysis of the SUV. PET and CT images were analysed together for anatomical and functional correlations and were sent to a workstation where reconstructions were performed using specific algorithms. All data of interest visually observed on the PET scan were compared with the CT scan to make sure that the nontumour regions were excluded from the analysis. The 18F-FDG PET/CT images were independently evaluated by two experienced nuclear physicians who performed qualitative (visual) and semiquantitative analyses by calculating the 18F-FDG maximum SUV (SUV max ) values in the lesions. The SUV max was obtained by selecting the most representative volumetric region of interest (ROI) within the tumour lesion.
Chest MRI scans were performed using a 1.5 T device (Signa Excite HD, GE Healthcare, Milwaukee, WI, USA) with a body coil and a maximum gradient power of 33 mT/m and a pulse rate of 160 mT/m/s. The diffusion sequence was obtained by ultra-fast echoplanar images (IEP) in the axial plane, centred on the lesions and using the following parameters: b values = 0 and 600 s/mm 2 ; TR/TE = 1800/93.8 ms; matrix = 160 × 192; FOV = 360 mm; NEX = 16; number of cuts = 10; cutting thickness = 5 mm; range = 0 mm; approximate total acquisition time = 30 min. The images were transferred to a workstation (Advantage Windows version 4.2_07, GE Healthcare, Milwaukee, WI, USA) and the broadcast sequence was post processed with commercial software (Functool, GE Healthcare, Milwaukee, WI, USA) for the purpose of obtaining ADC maps (blacK/ white and coloured, the latter with Put-thallium pattern, ranging from black colour representing restricted diffusion to red colour which represents no restriction).
The signal intensity and ADC value of NSCLC-related lesions were analysed, through the selection of ROI according to the image interpretation performed by two radiologists with extensive experience (more than 10 years) in oncology and thoracic Imaging, taking into account the localization, size of lesions and the viable tumour. The ADC calculation for the lesion was performed by linear regression analysis of the natural log of the signal intensity versus the gradient factor according to the following equation: ADC = − (In [Sh / Si]) / (bh -bi). Sh and Si are the signal intensities in the ROI obtained by the difference between two gradient factors (bh and bi). In the present study, the maximum gradient factor (bh) was 600 s/mm 2 and the minimum gradient factor (bi) was 0 s/mm 2 . The ROI most representative of the lesion was always chosen, excluding areas of necrosis, calcifications, gaseous material or areas that suffer interference of some type of partial volume adjacent to the lesion.
Histological data were obtained from the reports of the Department of Pathology. The histological type was defined according to World Health Organization criteria. Tumours were divided into two groups based on the degree of differentiation: poorly differentiated and moderately/well differentiated.
The collected information formed a database developed in the program Excel® for Windows and the statistical analysis was carried out using SPSS® 16.0 software. The categorical variables were presented in absolute and relative frequencies. Continuous variables were described with measures of central tendency (mean and median) and dispersion (standard deviation, minimum and maximum). The statistical significance of the mean differences between the quantitative variables was verified by means of the unpaired Student's t-test or ANOVA, when indicated. The normality of the variables was tested by the Shapiro-Wilk test. For correlation between the values of SUV max and ADC min , the Pearson correlation coefficient (r) was used. All analyses were performed using a significance level of 5%, and therefore, the results considered as statistically significant were those whose p value was less than 0.05, always considering two-tailed alternative hypotheses.
Results

Characteristics of patients
We evaluated 37 patients, 21 males (56%) and 16 females (44%). The patient ages ranged from 32 to 88 years, with a mean of 64.1 years and median of 63.0 years (standard deviation: 11.4 years).
The most common histological type was adenocarcinoma (n = 21, 56.7%), being considered poorly differentiated in 10 cases (47.6%) and moderately/well differentiated in 11 cases (52.4%). The second most common histological type was squamous cell carcinoma (n = 16 cases, 43.2%). It was considered to be poorly differentiated in 10 cases (62.5%) and moderately/well differentiated in six cases (37.5%). No significant differences between the different histological types were found in the values of ADC min or SUV max in the primary tumour (p = 0.484 for ADC min ; p = 0.165 for max SUV). Poorly differentiated tumours presented lower values of ADC min (1.34 ± 0.52 vs. 1.78 ± 0.79, p = 0.060) and higher values of SUV max (9.32 ± 4.52 vs. 6.25 ± 2.81, p = 0.027), when compared to moderate/ well differentiated tumours.
Correlation between ADC min and SUV max Table 1 shows the values of SUV min and ADC max of all lung masses and lymph nodes. Figure 1 shows a negative correlation for both mass and lymph nodes (high values of ADC min are associated with low values of SUV max ). The Pearson correlation coefficient for mass (r = − 0.806) was stronger than for lymph nodes (r = − 0.592), but both were highly significant (p < 0.001). Table 2 shows the SUV min and ADC min values of the lung masses and lymph nodes, only in the group of patients with adenocarcinoma. Figure 2 shows a negative correlation for both mass and lymph nodes (high values of ADC min are associated with low values of SUV max ). The Pearson correlation coefficient for mass (r = − 0.739, p < 0.001) was stronger than for lymph nodes (r = − 0.660, p = 0.005). Table 3 shows values of the SUV max and ADC min of the lung masses and lymph nodes, only of the group of patients with epidermoid carcinoma. Figure 3 shows a negative correlation for both the mass (r = − 0.900; pvalue < 0.001) and lymph nodes (r = − 0.486; p-value = 0.066); however, the correlation coefficient for the lymph nodes was not statistically significant.
Discussion
The present study demonstrated the existence of a significant inverse correlation between ADC min and SUVmax in primary lung tumours, regardless of histological subtype. Our results are in agreement with the study of Regier et al. [10] , who verified the significant inverse correlation between these two quantitative variables (ADC min x SUV max ) in 41 patients evaluated with NSCLC [10] ). These results demonstrate that there is a direct relationship between the mobility of water molecules in the tissue evaluated by DW-MRI and glycolytic metabolism evaluated by PET/CT, possibly related to tumour aggressiveness. In PET/CT the detected activity of 18F-FDG represents an analogy of tumour glucose metabolism. High uptake of FDG reflects an increase in glycolysis and metabolic activity of malignant tumours and allows this technique to obtain information on pathophysiological activity and tumour proliferation by determining the SUV. In DW-MRI, a reduction in ADC levels has been shown to be indicative of various malignant diseases [11] , tumour characteristics, the manifestation of lymph node metastases [12] and response to antitumour treatment [13] . Therefore, both approaches, the SUV revealing the tumor metabolism on one hand and the ADC demonstrating diffusion restriction due to a change in the microstructural tumour environment on the other hand, are in direct relation to tumour aggressiveness.
These results confirm the assumption that DW-MRI may have a role in the imaging evaluation of NSCLC; however, its full diagnostic capacity has not yet been explored. Until now, only a few studies have investigated the relationship between DW-MRI and 18F-FDG PET/ CT. Palumbo et al. [14] investigated 15 patients with various types of brain metastases and observed the inverse correlation between low ADC values and 18F-FDG PET/CT hypermetabolism. In 9 of these patients, the primary malignant disease was NSCLC [14] .
The observation of this correlation raises a hypothesis that the quantitative DW-MRI may have a role as a biomarker for prognosis evaluation in NSCLC, similar to 18F-FDG PET/CT. It has been reported that high SUV determined in the primary tumour prior to treatment is associated with a shorter time to progression, higher recurrence rates and lower overall survival rates [15] . Furthermore, it has been demonstrated that if there is no reduction of SUVmax early after initiation of anticancer treatment, there will be no substantial response to therapy and limited survival [4] . Thus, the SUV is often recognized as a prognostic biomarker in NSCLC patients [5] .
The results of this study may suggest the use of DW-MRI as a tool for evaluating tumour response to chemotherapy. Until now, a reduction in diameter or volume determined in serial CT studies represented the established indicator of tumour response to treatment. The main disadvantage of size measurement is the range of 0-8 weeks required to detect size reduction. As chemotherapy leads to a rupture of the cell membranes and the reduction of cell size and density, the diffusion of the molecules increases rapidly after the beginning of the treatment [13] . Therefore, DW-MRI has the potential to evaluate the treatment response at an earlier stage, as the increase in ADC may precede the reduction of tumour size.
However, while 18F-FDG PET/CT has already been successfully integrated into the daily clinical care of NSCLC patients, more studies will be needed to We observed a statistically significant inverse correlation between SUV and ADC in the compromised adenocarcinoma lymph nodes, but not in the lymph nodes of squamous cell carcinomas. In addition, the presence of 18F-FDG PET/CT showed an evident superiority over CT [16] , but false positive results are not uncommon [17] . Usuda et al. [18] observed a greater accuracy of DW-MRI over 18F-FDG PET/CT in the diagnosis of metastatic lymph nodes in patients with NSCLC [18] .
We also compared the relationship of ADC and SUV to the degree of tumor differentiation. The poorly differentiated tumours had lower values of ADC min and higher values of SUV max , when compared to moderately/well differentiated tumours. However, the difference in ADC min values was not statistically significant. Herneth et al. [19] showed that tissue ADC is determined by cell density and that cell necrosis can improve water diffusibility and increase ADC values before macroscopic changes in histological sections and MR images [19] . Thus, in poorly differentiated tumours with relatively high ADC values, the microstructural changes preceding macroscopic necrosis within the tumour tissue appear to represent a factor influencing the ADC value.
Some limitations of our study should be considered such as the population size. Therefore, our results can be considered only preliminary, utilizing a limited number of welldifferentiated NSCLC cases, impairing the statistical analysis of the correlation of ADC and SUV with the histological types and their respective degrees of differentiation. 
